Bose-Einstein Condensation of Strontium 
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We report on the attainment of Bose-Einstein condensation with ultracold strontium atoms. We 
use the 84 Sr isotope, which has a low natural abundance but offers excellent scattering properties for 
evaporative cooling. Accumulation in a metastable state using a magnetic-trap, narrowline cooling, 
and straightforward evaporative cooling in an optical trap lead to pure condensates containing 
1.5 x 10 5 atoms. This puts 84 Sr in a prime position for future experiments on quantum-degenerate 
gases involving atomic two-electron systems. 

PACS numbers: 37.10.De, 67.85.-d, 67.85.Hj 



Ultracold gases of strontium atoms have been attract- 
ing great attention for various reasons. A major driving 
force for the development of cooling and trapping tech- 
niques since the early 1990s [if has been the realization of 
ultraprecise optical clocks [2, 3,13- Many other intriguing 
applications related to metrology novel schemes for 
quantum computation @, 0] , and quantum simulators of 
unique many-body phenomena [1, Q rely on the special 
properties of this species. Moreover, there is consider- 
able interest in ultracold Sr2 molecules [Io|, EH and their 
possible applications for testing the time variation of fun- 
damental constants Ultracold plasmas [l3[ repre- 
sent another fascinating application of strontium atoms. 
Many of the possible experiments could greatly benefit 
from the availability of quantum-degenerate samples. 

The two valence electrons of strontium and the result- 
ing singlet and triplet states are at the heart of many of 
these applications. The two-electron nature also has very 
important consequences for cooling and trapping strate- 
gies towards degeneracy. Because of its singlet charac- 
ter the electronic ground state does not carry a mag- 
netic moment. Therefore optical dipole traps [14| are the 
only option to implement evaporative cooling. Moreover, 
magnetic Feshbach resonances, frequently applied to tune 
the scattering properties of other atomic systems [l5[ , are 
absent. Research on Bose-Einstein condensation (BEC) 
and degenerate Fermi gases involving atomic two-electron 
systems was pioneered by the Kyoto group, using various 
isotopes of Yb [H, EEzL Gl 0. Very recently, a BEC of 
40 Ca was produced at the Physikalisch-Technische Bun- 
desanstalt in Braunschweig [201 ]. 

Experiments towards quantum degeneracy in stron- 
tium have so far been focused on the three relatively 
abundant isotopes 86 Sr (9.9%), 87 Sr (7.0%), and 88 Sr 
(82.6%), the first and the last one being bosons. The 
necessary phase-space density for BEC or Fermi degen- 
eracy J^ukl not be achieved in spite of considerable ef- 
forts 
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221 ] . For the two bosonic isotopes the scattering 
properties turned out to be unfavorable for evaporative 
cooling [22|] . The scattering length of 88 Sr is close to 



zero, so that elastic collisions are almost absent. In con- 
trast, the scattering length of 86 Sr is very large, leading to 
detrimental three-body recombination losses. As a pos- 
sible way out of this dilemma, the application of optical 
Feshbach resonances [HI to tune the scattering length is 
currently under investigation [23|, H3 • 

In this Letter, we report on the attainment of BEC in 
84 Sr. This isotope has a natural abundance of only 0.56% 
and, apparently for this reason, has received little atten- 
tion so far. We show that the low abundance does not 
represent a serious disadvantage for BEC experiments, as 
it can be overcome by an efficient loading scheme. Be- 
cause of the favorable scattering length of +123 ao (Bohr 
radius ao ~ 53 pm) [H, 0, [2?J there is no need of Fesh- 
bach tuning, and we can easily produce BECs containing 
1.5 x 10 5 atoms. 

Our experimental procedure can be divided into three 
main stages. In the first stage, the atoms are accu- 
mulated in a magnetic trap, using a continuous loading 
scheme based on optical pumping into a metastable state. 
In the second stage, the atoms are first pumped back into 
the electronic ground state, laser cooled using a narrow 
inter combination line, and loaded into an optical dipole 
trap (ODT). In the third stage, evaporative cooling is 
performed by lowering the depth of the ODT and, thanks 
to the excellent starting conditions and collision proper- 
ties, BEC is attained in a straightforward way. 

The accumulation stage takes advantage of magneti- 
cally trapped atoms in the metastable triplet state 3 P2; 
see Fig. [TJ Remarkably, such atoms are automatically 
produced [HI, E3, 0, H 0, E0, E3 when a stan- 
dard magneto-optical trap (MOT) is operated on the 
strong 1 6'o- 1 Pi transition at a wavelength of 461 nm 
[33^ A weak leak of the excited state out of the cool- 
ing cycle of this "blue MOT" continuously populates 
the metastable state and the atoms are trapped in the 
magnetic quadrupole field of the MOT. This continuous 
magnetic-trap loading mechanism is our essential tool to 
prepare a sufficiently large number of 84 Sr atoms de- 
spite the low natural abundance of this isotope. With 



2 




metastable 
i state 



red MOT 
689 nm 
7.4 kHz 



5s 2 1 S n 



singlet 



triplet 



Figure 1: Schematic illustration of the energy levels and tran- 
sitions used for cooling and trapping of Sr atoms. The blue 
MOT is operated on the strong 1 So- 1 Pi transition. The load- 
ing of the magnetic trap proceeds via the weak leak of the 
excited state (branching ratio 1:50 000) into the 1 P>2 state, 
which itself decays with a 1:3 probability into the metastable 
3 P2 state. Here the atoms can be magnetically trapped and 
accumulated for a long time. The transition 3 P2- 3 £ ) 2 allows us 
to depopulate the metastable state by transferring the atoms 
into the 3 Pi state. The latter represents the excited state of 
the 1 So- 3 Pi intercombination line, used for narrowline cooling 
in the red MOT. 



a steady-state number of about 3 x 10 5 atoms in the blue 
MOT, we can reach an estimated number of roughly 10 8 
atoms in the magnetic trap after typically 10 s of load- 
ing. This enormous gain is facilitated by the long lifetime 
of about 35 s for the magnetically trapped atoms under 
our ultrahigh vacuum conditions, which is about 3 orders 
of magnitude larger than the leak time constant of the 
blue MOT. Note that the same scheme has been applied 
to increase the number of 84 Sr atoms for spectroscopic 
measurements [32| . Also note that a very similar loading 
scheme was crucial for the attainment of BEC in Cr [341. 



In the narrowline cooling stage, a MOT is operated on 
the 1 6'o- 3 Pi intercombination line (wavelength 689 nm, 
linewidth 7.4 kHz) using a scheme pioneered by Katori 
et al. [35[, which has become an almost standard tool 
for the prep aration of ultracold Sr. Loading of this "red 
MOT" [36[ is accomplished by pumping the atoms out 
of the metastable reservoir using a flash of laser light 
resonant with the 3 P2- 3 P>2 transition at 497 nm see 
Fig. [H In the initial transfer phase, the magnetic field 
gradient is reduced from 61G/cm as used for the mag- 
netic trap to 3.6 G /cm within about 0.1ms. To increase 
the capture velocity of the red MOT we frequency modu- 
late the light, producing sidebands that cover a detuning 
range between —250 kHz and —6.5 MHz with a spacing 
of 35 kHz; here each of the MOT beams has a waist of 
5 mm and a peak intensity of 10mW/cm 2 . In a com- 
pression phase, the red MOT is then slowly converted 



to single-frequency operation with a detuning of about 
—800 kHz by ramping down the frequency modulation 
within 300 ms. At the same time the intensity of the 
MOT beams is reduced to 90 //W/cm 2 and the magnetic 
field gradient is increased to 10.4 G/cm. At this point, 
we obtain 2.5 x 10 T atoms at a temperature of 2.5 /iK 
in an oblate cloud with diameters of 1.6 mm horizontally 
and 0.4 mm vertically. 

To prepare the evaporative cooling stage, the atoms 
are transferred into a crossed-beam ODT, which is de- 
rived from a 16-W laser source operating at 1030 nm in a 
single longitudinal mode. Our trapping geometry follows 
the basic concept successfully applied in experiments on 
Yb and Ca BEC 0, E3, EE Q . The trap consists of a 
horizontal and a vertical [37[ beam with waists of 32 /im 
and 80 /im, respectively. Initially the horizontal beam has 
a power of 3 W, which corresponds to a potential depth of 
110 /iK and oscillation frequencies of 1 kHz radially and a 
few Hz axially. The vertical beam has 6.6 W, which cor- 
responds to a potential depth of 37 /iK and a radial trap 
frequency of 250 Hz. Axially, the vertical beam does not 
provide any confinement against gravity. In the crossing 
region the resulting potential represents a nearly cylin- 
drical trap [38[ . In addition the horizontal beam provides 
an outer trapping region of much larger volume, which is 
of advantage for the trap loading. 

The dipole trap is switched on at the beginning of the 
red MOT compression phase. After switching off the 
red MOT, we observe 2.5 x 10 6 atoms in the ODT with 
about 10 6 of them residing in the crossed region. At this 
point we measure a temperature of ~10 /iK, which corre- 
sponds to roughly one tenth of the potential depth and 
thus points to plain evaporation in the transfer phase. 
We then apply forced evaporative cooling by exponen- 
tially reducing the power of both beams with al/e time 
constant of ~ 3 s [39| . The evaporation process starts un- 
der excellent conditions, with a peak number density of 
1.2 x 10 14 cm -3 , a peak phase-space density of ~2 x 10 -2 , 
and an elastic collision rate of about 3500 s -1 . During 
the evaporation process the density stays roughly con- 
stant and the elastic collision rate decreases to ~700s -1 
before condensation. The evaporation efficiency is very 
large as we gain at least 3 orders of magnitude in phase- 
space density for a loss of atoms by a factor of 10. 

The phase transition from a thermal cloud to BEC 
becomes evident in the appearance of a textbooklike bi- 
modal distribution, as clearly visible in time-of-flight ab- 
sorption images and the corresponding linear density pro- 
files shown in Fig. [2j At higher temperatures the distri- 
bution is thermal, exhibiting a Gaussian shape. Cooling 
below the critical temperature T c leads to the appearance 
of an additional, narrower and denser, elliptically shaped 
component, representing the BEC. The phase transition 
occurs after 6.3 s of forced evaporation, when the power 
of the horizontal beam is 190 mW and the one of the ver- 
tical beam is 410 mW. At this point, with the effect of 
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Figure 2: Absorption images and integrated density profiles 
showing the BEC phase transition for different times t ev of the 
evaporative cooling ramp. The images are along the vertical 
direction 25 ms after release from the trap. The solid line 
represents a fit with a bimodal distribution, while the dashed 
line shows the Gaussian-shaped thermal part, from which the 
given temperature values are derived. 



gravitational sag taken into account, the trap depth is 
2.8/xK. The oscillation frequencies are 59 Hz in the hor- 
izontal axial direction, 260 Hz in the horizontal radial 
direction, and 245 Hz in the vertical direction. 

For the critical temperature we obtain T c = 420 nK 
by analyzing profiles as displayed in Fig. [2j This agrees 
within 20%, i.e. well within the experimental uncertain- 
ties, with a calculation of T c based on the number of 
3.8 x 10 5 atoms and the trap frequencies at the transi- 
tion point. Further evaporation leads to an increase of 
the condensate fraction and we obtain a nearly pure BEC 
without discernable thermal fraction after a total ramp 
time of 8 s. The pure BEC that we can routinely pro- 
duce in this way contains 1.5 x 10 5 atoms and its lifetime 
exceeds 10 s. 

The expansion of the pure condensate after release 
from the trap clearly shows another hallmark of BEC. 
Figure [3] demonstrates the well-known inversion of the as- 
pect ratio 0, Sl| , which results from the hydrodynamic 
behavior of a BEC and the fact that the mean field energy 
is released predominantly in the more tightly confined di- 
rections. Our images show that the cloud changes from 
an initial prolate shape with an aspect ratio of at least 
2.6 (limited by the resolution of the in-situ images) to 
an oblate shape with aspect ratio 0.5 after 20 ms of free 
expansion. From the observed expansion we determine a 




Figure 3: Inversion of the aspect ratio during the expansion 
of a pure BEC. The images (field of view 250/xm x 250/im) 
are taken along the vertical direction. The first image is an 
in-situ image recorded at the time of release. The further 
images are taken 5 ms, 10 ms, 15 ms, and 20 ms after release. 



chemical potential of fi/ks ~ 150 nK for the conditions of 
Fig. O where the trap was somewhat recompressed to the 
setting at which the phase transition occurs in the evapo- 
ration ramp. Within the experimental uncertainties, this 
agrees with the calculated value of ji/ks ~ 180 nK. 

It is interesting to compare our number of 1.5 x 10 5 
atoms in the pure BEC with other BECs achieved in two- 
electron systems. For 174 Yb up to 6 x 10 4 atoms were 
reported [17], and for 40 Ca the number is 2 x 10 4 0. 
It is amazing that our BEC clearly exceeds these values 
with little efforts to optimize the number after our first 
sighting of BEC (26 September 2009). We anticipate that 
there is much more room for improvement, in particular, 
in the transfer from the red MOT into the ODT. We 
interpret the amazing performance of 84 Sr as the result 
of a lucky combination of favorable scattering properties 
with excellent conditions for narrowline cooling, and we 
believe that this makes 84 Sr a prime candidate for future 
experiments on BEC with two-electron systems. 

We finally discuss a few intriguing applications which 
seem to be realistic on a rather short time scale. The 
84 Sr BEC may serve as an efficient cooling agent to bring 
other isotopes into degeneracy. A BEC of 88 Sr would be 
a noninteracting one |15[, as the intraisotope scattering 
length is extremely small 22|, • This would constitute 
a unique source of low-momentum, noninteracting, and 
magnetically insensitive atoms, ideal for precision mea- 
surements [5[. The fermionic isotope 87 Sr offers a nuclear 
spin decoupled from the electronic degrees of freedom, 
which is very favorable for quantum computation @, Q 
and the essential key to a new class of many-body physics 
with ultracold atoms [8, 9]. The realization of a Mott in- 
sulator state appears to be a straightforward task [42| . 
Another fascinating application would be the creation of 
ultracold dimers made of an alkali-metal atom and a two- 
electron atom [43j. Since all-optical evaporative cooling 
strategies for 87 Rb and 84 Sr proceed under very similar 
conditions 0, SHI, [46[, the creation of SrRb molecules 
seems to be a realistic option. Such molecules would be 
qualitatively different from the bi- alkali- metal atoms cur- 
rently applied in heteronuclear molecule experiments 1471 
as they offer a magnetic rovibrational ground state [43[ . 
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